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PREFACE 


UStis  report  is  the  fifth  in  a series  to  be  published  on  the  study 
of  the  Effects  of  Explosions  in  Shallow  Water  being  conducted  for  the 
Armed  Forces  Special  Weapons  Project,  Department  of  Defense,  and  the 
Office,  Chief  of  Engineers,  Department  of  the  Army,  by  the  Waterways 
Experiment  Station.  The  reports  sere  published  intermittently  during  the 
course  of  the  study  to  describe  a completed  phase  or  series  of  tests.  A 
comprehensive  report  to  be  prepared  at  the  conclusion  of  the  study  will 
attempt  to  correlate  and  summarize  in  more  general  form  the  detailed  re- 
sults presented  in  these  reports.  This  report  describes  the  cratering 
effects  in  sand,  water  surface  waves,  and  air-blast  measurements  re- 
sulting from  the  scaled  explosion  of  a 20-kiloton  bomb  in  a 30-ft  water 
depth. 

A list  of  the  reports  in  preparation  or  published  to  date  is 
printed  on  the  inside  of  the  front  cover  of  each  report  for  the  informa- 
tion of  the  reader. 

Symbols  and  the  less  familiar  abbreviations  used  throughout  this 
report  are  defined  on  pages  29  and  30. 
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EFFECTS  OF  EXPLOSIONS  IN  SHALLOW  WATER 
REPORT  NO.  5 

Cratering  Effects  in  Sand,  Surface  Waves, 
and  Air-Blast  Measurements  for  a Scaled  Water 
Depth  of  30  Ft 

Introduction 


1.  Reported  herein  are  the  results  of  a series  of  small-scale 
tests  to  determine  the  cratering  effects  in  sand  and  the  magnitude  of 
surface  waves  and  air  blast  caused  by  an  explosion  of  20,000  tons  of 
TNT  in  a water  depth  of  30  ft.  Tests  with  charge  weights  up  to  32  lbs 
were  conducted  at  the  Waterways  Experiment  Station.  Charge  weights  in 
excess  of  32  lbs  were  detonated  in  an  old  channel  of  the  Mississippi 
River  about  10  miles  south  of  Vicksburg,  Mississippi.  A description  of 
the  WES  test  site,  similitude  considerations,  and  testing  procedure  are 
contained  in  Report  No,  1;  however,  a brief  presentation  of  this  informa- 
tion is  repeated  herein  for  the  convenience  of  the  reader. 

Description  of  Test  Sites 

2.  Tests  with  charge  weight  of  32  lbs,  or  less,  were  conducted 
on  the  Waterways  Experiment  Station  reservation  in  a keyhole -shaped 
basin.  The  basin  was  excavated  to  an  approximate  depth  of  5 ft  in 
undisturbed  loess  soil.  Water  supply  and  drainage  for  the  test  basin, 
and  shelter  for  instrumentation  equipment  are  as  shown  on  plate  1. 

CONFIDENTIAL 
Security  Information 


r'ONF!  r)rN"r  I A 1 
Security  Information 

2 

A pit  approximately  60  ft  long,  20  ft  vide  and  5 ft  deep  was  excavated 
in  the  circular  part  of  the  test  basin,  and  was  filled  with  sand  to 
provide  the  desired  bottom  material.  Tests  using  charge  weights  up  to 
2048  lbs  were  conducted  about  10  miles  south  of  Vicksburg,  Mississippi, 
in  an  old  channel  of  the  Mississippi  River  near  Diamond  Cut-Off.  The 
deep  deposits  of  sand  in  the  form  of  long,  flat  bars  along  the  old  river 
bed  provided  an  excellent  test  site  which  was  about  three  miles  distant 
from  the  nearest  residents. 

Similitude  Considerations 

3.  The  principle  of  similarity,  generally  accepted  for  explosive 
work  with  scaled  charges,  states  that  if  the  linear  size  of  a charge  be 
changed  by  some  factor  k,  the  pressure  condition  will  be  unchanged  if  the 
scales  of  distance  and  time  are  changed  by  the  same  factor.  That  is, 
pressure  conditions  or  the  magnitudes  of  other  physical  phenomena 
associated  with  an  explosion  can  be  written  as  functions  of  distance 
and  time  for  any  explosion  once  they  are  known  for  a specific  explosion, 
by  scaling  all  distances  and  times  in  accordance  with  the  ratio  of  the 
linear  sizes  of  the  two  charges.  The  cube  root  of  the  charge  weight 
(Wx/3) 

is  used  as  a convenient  measurement  of  linear  size.  Although  the 
validity  of  the  above  principle  for  scaling  the  various  phenomena  in- 
volved in  the  problem  at  hand  was  uncertain,  it  was  assumed  correct  until 
test  results  either  confirmed  the  principle  or  permitted  a more  accurate 
determination  of  scaling  laws. 
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4.  The  depth  of  water  used  in  the  tests  vaB  therefore  based  on 
the  ratio,  D/W1^,  which  for  the  prototype  depth  of  30  ft  wad  the  charge 
weight  of  20,000  tons  is  0.088.  Actual  water  depths  used  in  the  tests 
were  0.07,  0.14,  0.22,  0.28,  O.56,  and  1.12  ft  for  charge  weights  of  0.5, 
4,  16,  32,  256,  and  2048  lbs,  respectively. 

Test  Conditions  and  Procedures 

5.  The  study  of  explosions  in  shallow  water  involves  the  deter- 
mination of  effects  of  exploding  20,000  tons  of  TNT  in  water  depths  of 
30,  60,  100,  and  200  ft  on  (a)  cratering  in  various  soils,  (b)  air  blast, 
(c)  shock  waves  in  water  and  earth,  and  (d)  surface  water  waves.  Initial 
tests  were  concerned  with  cratering  effects  in  loess  soil  and  measure- 
ments of  surface  water  waves.  Results  of  these  tests  for  scaled  water 
depths  of  200  ft  and  30  ft  are  contained  in  Reports  Nos.  1,  2,  and  4*. 

The  tests  reported  upon  herein  were  concerned  with  cratering  effects  in 
sand  and  measurements  of  air  blast  and  surface  water  waves  for  a scaled 
water  depth  of  30  ft. 

6.  The  test  charge  weights,  except  the  l6-lb  charge,  were  so 
selected  that  the  magnitudes  of  all  physical  phenomena  would  be  reduced 
or  increased  by  a factor  of  2.  That  is,  the  same  pressures  would  exist 
for  the  0.5 -lb  charge  (l/8  the  weight)  as  for  the  4 -lb  charge  at  half 
the  distance  and  time;  the  same  pressure  would  exist  for  the  32-lb  charge 


* See  list  of  reports  on  inside  of  front  cover. 
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(8  times  the  weight)  as  for  the  4-lb  charge  at  twice  the  distance  and 
time.  The  32-lb  charge  was  the  largest  that  could  be  detonated  on  the 
WES  reservation  because  of  the  location  of  the  test  basin  with  respect 
to  residential  areas.  Charges  of  0.5,  4,  16,  and  32  lbs  were  made  up 
from  standard  Corps  of  Engineers  0.5 -lb  and  1-lb  TNT  demolition  blocks 
arranged  where  practical  to  maintain  approximate  geometric  similitude 
of  charge  dimensions  (plate  2).  Spherically-shaped  charges  of  cast  TNT 
tor  weights  of  0.5,  4,  32  and  256  lbs  were  used  when  air-blast  measure- 
ments were  made.  Diameters  of  the  spheres  were  0.215,  0.432,  0.863,  and 
1.725  ft  for  the  0.5,  4,  32,  and  256-lb  charges,  respectively.  The 
charge  of  2048  lbs  was  built  up  in  the  shape  of  a cube  with  100-lb  blocks 
of  cast  TNT  and  Corps  of  Engineers  1-lb  demolition  blocks. 

7.  Tests  in  the  WES  basin  included  charges  fired  at  scaled  depths 
of  45  and  90  ft  below  the  bottom,  at  the  bottom,  at  the  water  surface, 
and  at  0.5D  above  the  water  surface  as  shown  on  plate  2.  The  32-lb 
charge  was  not  fired  in  the  latter  two  positions  because  of  complaints 
from  nearby  residents.  The  l6-lb  charge  was  used  instead  to  extend  the 
range  of  data  in  these  charge  positions.  The  center  of  gravity  of  the 
charge  was  used  in  all  tests  as  the  reference  for  charge  position.  The 
built-up  charges  were  placed  with  the  long  side  in  a vertical  position. 
Three  to  five  identical  charges  were  fired  in  each  position  to  insure 
that  test  data  were  reliable. 

Waterways  Experiment  Station  test  site 

8.  Testing  procedures  for  tests  conducted  on  the  WES  reservation 


CONFIDENTIAL 
Security  Information 


CONFIDENT!/*! 

Security  Information 

5 


were  similar  to  those  described  in  Report  No.  1.  The  test  basin  was 
graded  level  in  the  test  area  to  insure  that  bottom  variations  did  not 
interfere  with  wave  formations  in  the  shallow  water  depths.  Charge  sites 
were  fixed,  prior  to  flooding  the  basin,  by  placing  wood  stakes  at  safe 
distances  on  a rectangular  grid.  Lengths  of  steel  pipe  were  driven  into 
the  bottom  to  locate  and  support  wave  rods  and  air-blast  gages.  Wave 
rods  were  spaced  on  a line  radiating  from  the  charge  position  at  scaled 
distances  of  R/D  = 60,  100,  and  200,  where  R is  the  actual  distance  in 
ft  from  the  charge  and  D is  the  actual  depth  of  water  in  feet.  Air- 
blast  gages  were  mounted  one  foot  above  the  water  surface  on  a similar 
line  at  reduced  distances  (\)*  of  6,  10,  15,  and  20.  Air  blast  and 
water  shock  were  measured  with  tourmaline  piezoelectric  gages  and  recorded 
on  10-in.  strips  of  35 -nm  film  with  rotating  drum  cameras  mounted  on 
Dumont  Type  30 cathode-ray  oscilloscopes.  Air-blast  gages  were  7/8, 
1-1/8,  and  1-5/8  in.  in  diameter  and  water-shock  gages  were  l/4  in.  in 
diameter.  Only  the  air-blast  measurements  are  reported  herein,  inasmuch 
as  water-shock  records  were  not  obtained  in  the  shallow  water  depth. 
Occasionally,  when  a readable  record  was  obtained  from  the  channels  used 
to  record  water  shock,  analysis  showed  it  to  be  caused  by  air-blast 
pressure . 

9*  The  test  basin  was  flooded  to  the  proper  depth  after  the  charge 
locations  were  fixed  and  air-blast  gages  were  mounted.  Wave  rods  were 


* X = R/W1/3. 
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calibrated  and  attached  to  their  supports  just  prior  to  the  placing  of 
the  charge.  Electrical  cables  connected  the  wave  rods  and  air-blast 
gages  to  recording  equipment  in  the  instrument  building.  It  was  necessary 
to  support  blast-gage  cables  above  the  water  surface  to  eliminate  "cable 
signal"  produced  by  either  water  or  earth  shock.  The  test  area  was  then 
cleared  of  personnel  and  the  charge  was  placed  in  the  basin  at  the  de- 
sired position  and  prepared  for  detonation.  The  charge  was  detonated  from 
the  instrument  shelter  by  means  of  an  electrical  circuit  which  was 
synchronized  with  control  circuits  of  the  air-blast  recording  equipment.* 
Surface  waves  and  air-blast  measurements  were  recorded  during  the  detonation 
process.  Still  and  motion  pictures  of  a representative  number  of  shots 
were  made  also  of  the  surface  phenomena  during  the  explosion.  The  basin 
was  drained  after  each  test  shot  to  obtain  photographs  and  complete 
measurements  of  the  crater. 

10.  Craters  less  than  10  ft  (model)  in  width  were  measured  by  means 
of  a square  framework  centered  over  the  charge  location,  which  provided 
both  horizontal  and  vertical  controls  for  crater  soundings  and  horizontal 
dimensions.  An  aluminum  rail  supported  horizontally  was  substituted  for 
the  framework  in  measuring  larger  craters.  At  least  two  profiles  through 
representative  cross  sections  of  the  crater  were  obtained. 

Field  test  site 

11.  Procedures  for  conducting  tests  with  the  large  charges  in  the 

* Details  of  instrumentation  for  the  project  will  be  the  subject  of  a 
later  report. 
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old  river  channel  south  of  Vicksburg  vere  generally  the  same  as  those 
followed  at  the  Waterways  Experiment  Station  test  basin.  Instrumentation 
equipment  and  portable  generators  for  electrical  power  supply  were  housed 
on  a 20-ft  by  48 -ft  steel  barge,  anchored  from  800  to  1100  ft  from  the 
charge  location.  A minor  modification  of  air-blast  equipment  was  made 
in  that  cathode  followers  were  added  in  the  cable  lines  about  200  ft  from 
the  tourmaline  gages  to  overcome  the  loss  of  signal  strength  due  to  the 
additional  cable  length  required  to  reach  the  barge. 

12,  Charge  locations  were  selected  to  provide  the  proper  water 
depth  and  a fairly  level  bottom  extending  a distance  from  the  charge  suf- 
ficient to  place  gages  and  wave  rods.  The  locations  and  spacings  of  these 
instruments  were  fixed  by  the  scaled  distances  used  at  the  WES  test  basin 
and  described  in  paragraph  8. 

13,  Tests  at  the  field  site  included  (a)  32-lb  charges  fired  at 
scaled  depths  of  $0  and  45  ft  below  the  bottom,  at  the  bottom,  at  the 
water  surface,  and  at  0.5D  above  the  water  surface;  (b)  256-lb  charges 
fired  at  scaled  depths  of  90  and  45  ft  below  the  bottom  and  at  the  bottom; 
and  (c)  a 2048-lb  charge  fired  at  the  bottom.  The  center  of  gravity  of 
the  charge  was  used  in  all  tests  as  the  reference  for  charge  position. 

At  least  two  identical  charges  were  fired  in  each  position  with  the  ex- 
ception of  the  20 1+8-lb  weight  for  which  one  shot  was  made. 

14,  A small  darkroom  was  provided  on  the  instrument  barge  for 
developing  the  photographic  records  of  test  data  and  for  loading  the 

drum  cameras,  ftius  the  records  for  each  shot  were  available  shortly  after 
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the  blast  for  inspection  to  determine  the  necessity  for  repeating  the 
test  before  the  barge  was  moved. 

15.  Crater  measurements  were  made  by  holding  a 100-ft  metallic 
tape  across  the  center  of  the  crater  and  taking  level-rod  readings  at 
6-in.  intervals  along  the  tape.  At  least  two  representative  profiles  of 
each  crater  were  obtained  in  this  manner.  Some  difficulty  was  encountered 
in  sounding  the  craters  obtained  from  the  field  shots  in  that  the  craters 
could  not  be  pumped  dry. 


Test  Results  — Cratering 


Test  data 

16.  Tables  1-4  present  a summary  of  data  obtained  from  cratering 
tests  in  the  WES  basin  using  the  0.5-;  4-,  16-,  and  32-lb  charges.  Two 
complete  profiles  were  taken  through  representative  sections  of  each 
crater  and  the  data  plotted  as  an  average  half -crater  profile.  Crater 
dimensions  listed  in  the  tables  were  obtained  from  these  plots.  Reduced 
crater  dimensions,  defined  as  the  dimension  divided  by  the  cube  root  of 
the  charge  weight,  are  also  listed  in  the  tables.  The  relatively  low 
values  of  the  standard  deviation  of  the  mean  indicate  the  data  to  be  con- 
sistent for  comparable  charge  weights  and  positions.  A number  of  ex- 
plosions produced  a dry  crater  with  lips  above  the  water  surface.  Although 
the  crater  lips  collapsed  within  a few  seconds  and  the  crater  filled  with 
water,  efforts  were  made  to  measure  the  crater  depth  (d^)  before  collapse 
of  the  lips.  Crater  depths  are  listed  in  two  columns,  d and  d^  where 
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the  letter  represents  the  depth  before  collapse  of  the  crater  lip.  It 
vas  not  possible  to  obtain  this  measurement  in  all  tests  because  of  in- 
sufficient time  between  the  explosion  and  lip  collapse. 

17.  Listed  in  table  5 are  two  separate  values  for  K and  n( where 

K and  n relate  to  the  empirical  equation,  P = KWn)  for  the  various 
charge  positions  as  determined  by:  first,  averaging  the  reduced  crater 

dimensions  as  listed  in  tables  1-L;  and  second,  by  determining  the  em- 
pirical equation  best  fitting  the  experimental  data  by  the  method  of 
least  squares.  Table  6 presents  the  results  of  both  WES  basin  and  field 
tests  for  a charge  positioned  at  the  bottom  (Z  = -1.0D). 

18.  Photographs  1-5  present  views  of  typical  craters  for  the  various 
charge  positions  with  the  l6-lb  charge.  Photographs  on  plate  3 show  in 
sequence  the  erosion  or  collapse  of  the  crater  lip  at  various  times  after 
the  detonation  of  a 32-lb  charge  positioned  at  Z = -4.0D.  The  crater 
formed  by  a 256-lb  charge  (field  test)  positioned  at  Z = -1.0D  is  shown 
in  photograph  6. 

19.  Plates  L-ll  show  half -crater  profiles,  representing  the  average 

of  all  data  for  each  charge  weight  and  position.  Each  plotted  point  rep- 
resents the  average  crater  depth  as  obtained  from  four  separate  soundings 
at  equal  radial  distances  from  the  charge.  The  half  profile  shown  by  the 
solid  line  represents  the  crater  shape  after  the  lip  collapse, while  the 
dashed  line  presents  the  approximate  profile  before  the  lip  failed.  Shown 
also  on  the  plates  in  tabular  form  are  the  six  crater  measurements  of  major 
concern:  depth,  width,  lip  height,  lip  width,  area,  and  volume. 
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20,  Plates  12-22  show  the  average  values  of  various  crater  dimen- 
sions plotted  as  a function  of  charge  weight.  Plates  12  and  13  show  the 
effect  of  charge  weight  on  crater  depth  for  the  various  charge  positions 
both  before  and  after  erosion  of  the  crater  lip.  Values  of  the  plotted 
points  for  each  charge  weight  and  position  were  taken  from  mean  values 
listed  in  tables  1-4. 

21.  Plate  12  shows  the  effect  of  charge  weight  on  crater  depth 
prior  to  the  collapse  of  the  crater  lip.  Insufficient  time  between 
detonation  and  lip  collapse  made  it  impossible  to  obtain  the  data  for 
charges  positioned  at  and  above  the  water  surface.  The  maximum  depth  of 
crater  for  each  charge  weight  occurred  when  the  charge  was  placed  at 

Z * -4.0D,  With  the  charge  at  this  position  the  crater  was  approximately 
one -and -a -half  times  the  depth  obtained  with  the  charge  at  the  bottom. 
Exponents  of  the  Charge  weight  (w) , as  shown  in  the  equations  of  the 
various  lines  drawn  through  the  plotted  points,  indicate  a fair  agree- 
ment with  the  cube  root  scaling  law.  Plate  13  presents  a plot  of  crater 
depth  versus  charge  weight  after  lip  collapse,  and  when  compared  with 
plate  12  indicates  the  effect  of  lip  collapse  on  the  ultimate  depth  of 
crater.  The  ratio  of  crater  depth  prior  to  lip  collapse  to  the  crater 
depth  after  lip  washout  is  approximately  1.8  for  all  comparable  charge 
weights  and  positions.  The  collapse  of  the  crater  lip  thus  causes  a sig- 
nificant departure  from  the  cube  root  scaling  law,  as  shown  by  the  ex- 
ponents of  charge  weight  in  the  empirical  equations  developed  for  each 
charge  position. 

CONFIDENTIAL 
Security  Information 


CONFIDENTIAL 
Security  Information 


11 


22.  Plate  14  shows  the  effect  of  charge  weight  on  crater  width. 
Maximum  crater  widths  were  produced  hy  charges  positioned  at  Z * -4.0D. 

As  the  charge  location  approached  the  water  surface  the  width  decreased 
significantly  for  comparable  charge  weights.  Little  difference  in  crater 
width  was  noted  for  comparable  charges  fired  at  and  above  the  water  sur- 
face. The  average  value  of  charge  weight  exponent  for  all  charge  positions 
is  0.335  indicating  a close  agreement  with  the  assumed  scaling  law. 

23.  Plate  15  shows  the  effect  of  charge  weight  on  crater-lip  height 
for  the  various  charge  positions.  The  empirical  equations  shown  thereon 
indicate  the  lip  height  to  vary  approximately  as  the  four -tenths  power 

of  the  charge  weight  with  the  exception  of  the  condition  where  the  charge 
was  detonated  above  the  surface  (Z  = 0.5D),  The  latter  plot  is  consider- 
ably affected  by  the  erratic  results  obtained  with  the  l/2-  and  4-lb 
charges.  The  plots  indicate  that  the  height  of  the  crater  lip  increased 
progressively  as  the  charge  was  lowered. 

24.  Plates  16  and  17  show  area  and  volume  of  crater  versus  charge 
weight  for  the  various  charge  positions.  Average  of  all  exponents  of  the 
charge  weight  as  shown  in  the  empirical  equations  indicates  the  crater 
area  to  vary  approximately  as  a function  of  the  six-tenths  power  of  the 
charge  weight,  and  the  crater  volume  to  vary  directly  as  a function  of 
the  first  power  of  the  charge  weight.  These  data  show  almost  exact  agree- 
ment with  the  cube -root -of -charge -weight  scaling  law. 

25.  Plates  18-22  show  cratering  results  of  both  WES  basin  and  field 
tests  for  the  various  charge  weights  where  each  charge  was  positioned  at 
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the  bottom  (Z  » -l.OD).  Crater  measurements  prior  to  the  lip  washout 
were  not  possible  for  the  field  shots;  therefore,  these  data  refer  only 
to  the  crater  dimensions  after  the  lip  collapse. 

2 6.  Plate  18  shows  the  effect  of  charge  weight  on  crater  depth. 

Good  agreement  between  data  obtained  at  both  test  sites  is  indicated  by 
the  linear  relationship  of  the  plotted  points  along  the  straight  line. 

The  combination  of  test  results  from  the  two  test  sites  shows  a better 
agreement  with  the  W^/3  scaling  law  as  evidenced  by  a comparison  of  the 
empirical  equation  for  charges  fired  at  the  bottom,  shown  on  plates  13 
and  18.  The  collapse  of  the  lip  and  subsequent  filling  of  the  crater, 
as  mentioned  previously,  had  appreciable  effect  on  the  scaling  relation- 
ships and  probably  accounts  for  the  departure  from  the  W1/^  scaling  law. 

27.  Plate  19  shows  a plot  of  crater  width  versus  charge  weight. 
Since  the  width  of  crater  was  not  noticeably  affected  by  the  lip  collapse 
outside  the  immediate  area  of  erosion,  the  equation  for  these  data  com- 
pares very  favorably  with  the  equation  for  the  WES  basin  data  plotted  on 
plate  14  (charge  positioned  at  Z = -l.OD).  Summarizing  the  results  ob- 
tained for  all  charge  weights  and  assuming  the  cube  root  of  charge  weight 
law  to  be  valid,  the  width  of  crater  for  a charge  positioned  at  the  bot- 

1/3 

tom  may  be  defined  by  the  empirical  equation,  w = 3»59W 

28.  Significant  crater  lips  were  formed  for  every  charge  weight  and 
position  tested.  Although  plate  11  shows  the  lip  heights  for  the  256- 
and  20 48 -lb  charges  to  be  quite  small,  as  measured  after  erosion  of  the 
lips,  prominent  lips  were  in  evidence  immediately  after  the  charges  were 
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fired.  The  lip  height  for  the  256-lb  shot  at  Z = -1.0D  was  scaled  from 
photographs  to  be  1.7  ft.  The  lip  height  for  the  2048 -lb  shot  immediately 
after  firing  was  estimated  to  be  approximately  2.5  ft.  Such  heights  were 
not  in  evidence  at  the  time  the  two  craters  were  sounded  because  of  the 
collapse  of  the  lip  and  the  settling  characteristics  of  the  river  sand. 

The  height  of  crater  lip  for  charges  positioned  at  Z = -1.0D  and  for  all 
charge  weights  tested  further  indicates  that  the  phenomenon  varies  ap- 
proximately as  a function  of  the  four -tenths  power  of  W,  as  shown  on 
plate  20. 

29.  Plates  21  and  22  show  plots  of  area  and  volume  of  crater  versus 
charge  weight.  Exponents  of  the  charge  weight  as  shown  in  the  empirical 
equations  for  these  parameters  are  in  close  agreement  with  the  cube  root 
scaling  law.  Close  agreement  between  results  of  tests  in  the  field  and 
in  the  WES  test  basin  was  obtained  also. 

30.  Plate  23  shows  plots  of  the  various  reduced  crater  measurements 
versus  Z/D.  The  equations  permit  calculation  of  the  various  crater 
parameters  for  a charge  fired  at  any  position  within  the  range  tested 
(z/D  = -4.0  to  Z/D  = 0.5).  Two  plots  of  reduced  crater  depth  versus  Z/D 
are  presented  to  show  the  effect  of  lip  subsidence  on  the  ultimate  crater 
depth.  Hie  reduced  crater  width  was  unaffected  by  the  collapse  of  the 
crater  lip.  The  plot  of  reduced  crater-lip  height  indicates  a marked 
decrease  in  lip  height  as  the  charge  position  was  raised.  When  the  charge 
was  detonated  at  positions  at  or  above  the  water  surface,  the  lip  height 
decreased  quite  rapidly.  No  attempt  has  been  made  to  evaluate  the  effect 
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of  crater  lip  collapse  on  the  plots  of  reduced  crater  area  and  volume. 

31.  Plates  24-26  show  dimensionless  plots  of  the  half -crater  pro- 
files for  each  of  the  charge  positions.  In  the  plot  of  X/r  versus  Y/d 
the  ordinate  is  a ratio  of  crater  depth  at  any  point  to  the  maximum  depth 
at  ground  zero  after  lip  collapse  (Y/d),  and  the  abscissa  is  a ratio  of 
radial  distance  from  the  charge  to  radius  of  crater  (X/r).  Also  shown  in 
dimensionless  form  is  the  plot  of  X/W^^  versus  Y/W1^,  where  X is  the 
radial  distance  from  the  charge,  and  Y is  the  depth  of  the  crater  at 
the  distance  X.  The  plots  of  X/r  versus  Y/d  are  fairly  consistent 
throughout  the  range  of  positions  tested;  thus  indicating  that  the  craters 
were  similar  in  shape  for  the  various  charge  weights  and  comparable 
charge  positions.  Test  results  of  the  0.5-lb  charges  were  omitted  from 
the  data  describing  the  average  curves  in  the  plots  of  X/W1/^  versus 
Y/W1/3  for  all  charge  positions.  The  discrepancies  indicated  by  the 
plotted  points  give  reason  to  doubt  the  validity  of  results  obtained  with 
these  charges,  particularly  as  concerns  crater  depth.  Previous  crater- 
ing tests  in  loess  soil,  discussed  in  Report  No.  4,  also  cast  doubt  on 
the  results  obtained  with  this  small  charge.  Plotted  points  for  other 
charge  weights  are  within  the  range  of  scatter  previously  experienced 

in  cratering  tests. 

Discussion  of  results 

32.  Results  of  cratering  in  sand  for  the  scaled  30-ft  water  depth 
indicate  that  the  shallow  water  had  little  influence  on  crater  measure- 
ments and  that,  within  the  limits  of  the  tests,  charge  position  was  the 
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critical  factor.  The  explosions  produced  initially  a dry  crater  with  lips 
extending  above  the  water  surface.  At  a tine  which  varied  from  a few 
seconds  to  as  long  as  15  minutes  after  the  detonation,  a portion  of 
the  lip  collapsed  (approximately  20  per  cent  of  the  periphery)  and  was 
washed  into  the  crater.  The  remaining  part  of  the  crater  lip  was  usually 
left  in  place  (plate  3)  although  in  the  field  tests  a slumping  action  took 
place  and  the  height  was  reduced.  Hhe  ultimate  crater  depth  was  affected 
appreciably  by  the  material  that  washed  in  after  the  failure  of  the  lip. 
The  effect  of  lip  failure  on  the  scaling  of  crater  depth  is  shown  in 
table  A below. 

33*  Table  A presents  the  values  of  "K"  and  "n"  as  they  pertain  to 
crater  depth  before  and  after  the  collapse  of  the  crater  lip  for  the  three 
charge  positions  at  which  these  data  were  obtained. 


Table  A 

Values  of  "K"  and  "n"  in  the  Empirical  Equation 
Crater  Depth  (d)  = KWn 


Charge  Position  (Z) 

di,  Before  Lip  Collapse 
k n 

d.  After  Lip  Collapse 
K n 

Z * -1.0D 

0.85 

0.318 

0.55 

0.183 

Z * -2.5D 

1.08 

0.301 

0.75 

0.195 

Z - -4.0D 

1.27 

O.276 

1.02 

0051 

Average  Values  of  "n" 

0.298 

0.178 

A significant  change  in  scaling  is  apparent  in  that  the  average  value  of 
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n was  reduced  by  approximately  60  per  cent  as  a result  of  the  lip  failure* 
34.  Crater  lips  in  sand  were  quite  uniform  in  shape  around  the  crater 
periphery  before  lip  failure.  The  ratio  of  lip  height  to  water  depth 
(h/D  in  table  B)  varied  from  1.0  where  the  charge  was  placed  above  the 
water  surface  (Z  * 0.5D)  to  2.1  where  the  charge  was  placed  below  the 
bottom  (Z  » -4.0D) . Lip  heights  for  all  charge  positions  were  of  suffi- 
cient height  to  indicate  that  a 20-kiloton  charge  detonated  in  a 30-ft 
depth  on  a sand  bottom  could  make  navigation  hazardous. 

35*  Table  B presents  a comparison  of  the  results  of  cratering  tests 
in  sand  for  the  scaled  30-  and  200-ft  depths. 


Table  B 

Comparison  of  Cratering  Results  in  Sand  for 
Scaled  Water  Depths  of  30  and  200  Ft 


d/w1/3 

= 0.585* 

d/w1/3  » 0.088 

Scaled  Depth(D)  = 200  Ft 

Scaled 

Depth (D)  * 

30  Ft 

Charge  Position  (Z) 

d/W1/3 

maai 

wm 

v/w1^ 

h/D 

Above  Surface 

0.04 

2.39 

0 

0.4l 

2.73 

1.0 

(Z  * 0.5D) 

Surface 

0.15 

4.14 

0 

0.40 

3.01 

1.2 

Bottom 

0.47 

3.93 

0.07 

0.44 

3.41 

1.6 

Below  Bottom** 

0.57 

4.03 

0.07 

0.61 

3.98 

1.9 

Below  Bottom*** 

0.64 

4.48 

0.07 

0.79 

4.65 

2.1 

* Data  taken  from  Report  No.  3 1 "Effects  of  Explosions  in  Shallow 
Water,"  dated  July  1952. 

**  Scaled  distance  of  45  ft  below  the  bottom. 

***  Scaled  distance  of  90  ft  below  the  bottom. 
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The  reduced  crater  dimensions  compare  favorably  when  the  charge  was 
positioned  at  or  below  the  bottom.  Considerable  difference  in  crater 
depth  results,  however,  when  the  charge  was  fired  at  or  above  the  water 
surface.  Reduced  crater  widths  show  comparable  values  throughout  the 
range  of  positions  tested,  indicating  that  the  crater  width  was  some- 
what less  dependent  on  water  depth  and  charge  position. 

36.  A comparison  of  the  results  of  cratering  in  loess  and  sand 
for  a scaled  water  depth  of  30  ft  is  made  in  table  C. 


Table  C 

Comparison  of  Cratering  Results  in  Sand  and  Loess 
For  a Scaled  Water  Depth  of  30  Ft 


Sand 

Loess* 

Charge  Position  (Z) 

d/wVS 

w/W1/3 

h/D 

d/W1/3 

w/wV3 

h£_ 

Z = 0.5D 

0.4l 

2.73 

1.0 

0.81 

3.45 

0.75 

Z * 0 

0.40 

3.01 

1.2 

0.84 

3.60 

0.80 

Z = -1.0D 

0.44 

3.41 

1.6 

0.88 

3.92 

1.03 

Z * -2.5D 

0.61 

3.98 

1.9 

1.05 

4.26 

1.14 

Z * -4.0D 

0.79 

4.65 

2.1 

1.19 

4.65 

0.91 

* Data  taken  from  Report  No.  4,  "Effects  of  Explosions  in  Shallow  Water," 
dated  August  1952. 

The  reduced  crater  dimensions  show  that  the  crater  depth  was  approxi- 
mately twice  as  great  in  loess  as  in  sand;  the  width  was  slightly  greater 
in  loess;  and  the  lip  height  was  significantly  greater  in  sand. 
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Test  Results  «•  Water  (Surface)  Waves 

General 

37*  Surface  waves  vere  measured  at  similar  scaled  distances  and 
in  the  same  manner  as  described  in  Report  No.  2 for  the  scaled  30 -ft 
depth.  Actual  distances  of  wave  rods  from  the  test  charges  for  the 
various  scaled  distances  were  as  shown  in  table  D. 


Table  D 


Values  of  R and  D for  Test  Charges 


W,  Charge  Weight (Lb) 

D,  Water  Depth(Ft) 

0.5 

0.07 

4.2 

7.0 

k 

0,l4 

8.4 

14.0 

16 

0.22 

13.2 

22.0 

44.0 

32 

0.28 

16.8 

28.0 

56.0 

256 

0.56 

33.6 

56.0 

112.0 

2048 

1.12 

67.2 

112.0 

224.0 

38.  This  report  includes  wave  data  obtained  from  field  tests  that 
involved  charge  weights  of  256  and  2048  lbs.  The  results  obtained  with 
the  large  charges  are  presented  only  on  the  plates  showing  the  effect  of 
distance  from  charge  and  effect  of  charge  weight  because  of  the  limited 
number  of  positions  at  which  the  charges  were  fired. 

Time  of  arrival 

39.  Plates  29-32  show  the  time  of  arrival  of  the  apparent  crest 
and  trough  of  the  first  and  second  waves  as  recorded  on  the  oscillogram 
at  the  various  wave  rods  for  each  charge  weight  and  position.  3he  plots 
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Indicate  that  the  wave  celerity  increases  with  distance  from  the  charge 
particularly  for  shots  at  or  near  the  water  surface*  Examination  of  high- 
speed motion  pictures  made  of  the  explosion  phenomena  Indicate  that  the 
oscillograph,  recording  equipment  probably  recorded  local  disturbances 
caused  by  fall-out  of  bed  material  as  well  as  the  wave  that  moved  outward 
radially  from  the  explosion.  Examination  of  the  motion  pictures  also 
reveals  that  a wave  was  propagated  outward  radially  somewhat  later  than 
the  fall-out  but  was  not  of  sufficient  magnitude  to  be  readily  discernible 
on  all  oscillograph  records. 

hO.  Celerity  computations  based  on  a study  of  motion -picture  records 
of  a 4-lb  charge  fired  on  the  bottom  indicate  that  the  wave  moved  at  an 
average  rate  of  approximately  2.7  ft/sec  after  passing  the  first  wave 
rod,  and  that  the  celerity  decreased  slightly  as  the  distance  from  the 
charge  increased.  This  compares  with  the  theoretical  celerity  of  a 
gravity  wave  in  shallow  water  (2.1  ft/sec  for  these  conditions)  in  the 
same  manner  as  experimental  and  theoretical  celerities  compared  for  the 
tests  in  the  scaled  200-ft  water  depth  (Report  No.  3) . 

Effect  of  charge  position 

4l.  Plates  33-40  show  the  effects  of  charge  position  on  the  height 
of  the  first  and  second  waves  at  three  scaled  distances  from  the  explo- 
sion. It  will  be  noted  that,  where  applicable,  test  results  obtained 
with  loess  soil  as  bottom  material  and  previously  presented  in  Report 
No.  2 have  been  added  to  these  plots  to  provide  data  for  additional  charge 
positions.  The  latter  data  have  been  corrected  to  refer  charge  position 
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to  the  charge  center  of  gravity.  These  plots  show  that  in  most  Instances 
the  height  of  both  the  first  and  second  waves  increased  slightly  as  the 
charge  varied  either  above  or  below  the  0.5D  (half  depth  above  surface) 
position,  with  the  greatest  Increases  occurring  at  positions  below  this 
point.  This  agrees  with  the  belief  that  the  recorded  waves  or  disturb- 
ances were  caused  in  part  by  the  throw-out  of  bed  material  which  defi- 
nitely increased  in  quantity  as  the  charge  was  fired  at  lower  positions. 
Effect  of  distance  from  charge 

42.  Plates  41-46  show  the  effect  of  distance  from  the  charge  on 

crest  height  above  still  water  (a+^)  and  crest  height  plus  trough  depth 
(a+i  + a.^)  for  the  first  wave.  Since  the  points  plotted  on  log-log 
coordinates  indicate  generally  a straight  line,  an  equation  of  the  form 
a = KRn  was  applicable,  where  "a”  is  either  the  crest  elevation  above 
still  water  or  the  difference  in  elevation  between  crest  and  trough,  "K" 
is  a factor  which  varies  with  charge  position  and  weight,  "R"  is  the 
radial  distance  along  the  water  surface  from  the  charge  to  the  gage,  and 
"n"  is  an  exponent  indicating  the  rate  of  decay  of  the  wave.  Tables  E 
and  F show  the  values  of  n for  a+1  and  a+1  + a respectively,  for 

the  first  wave.  These  values  were  computed  by  the  method  of  least  squares 
for  each  charge  weight  and  position. 

43,  The  averages  of  all  values  of  n in  tables  E and  F indicate 

-1  09 

that  the  height  of  the  first  wave  varied  as  functions  of  R * ' to 
0 6 

R.  Additional  study  of  photographic  records  is  being  made  in  an 
effort  to  narrow  the  range  of  scatter  of  these  values. 
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Table  E 

Values  of  "n"  from  Equation  a+^  - KRn 


Charge 

Position  (Z) 

Charge  Weight(w) 

O.^D 

0 

-1.0D 

-2.5D 

-4.0D 

0.5 

-0.54 

-0.70 

-1.49 

-0.48 

-0.92 

4 

-0.6l 

-1.21 

-0.81 

-0.66 

-0.81 

16 

-2.44 

-1.58 

-1.24 

-1.29 

-0.97 

32 

-1.67 

-1.24 

-1.22 

-1.10 

-1.38 

256 

— 

--- 

-1.08 

-0.78 

— 

2048 

-0.89 

Average  of  all  values  * -1.09 

Values 

Table  F 

of  "n"  from  Equation  a+1 

+ a-l  = 

KRn 

Charge  Weight (w) 

Charge  Position  (Z) 

0.5D 

0 

-1.0D 

-2.5D 

-4.0D 

0.5 

-0.31 

-0.24 

-0.87 

-0.22 

0.26* 

4 

-0.42 

-0.74 

-0.53 

-0.38 

-0.84 

16 

-1.08 

-0.18 

-O.96 

— 

0.02* 

32 

-0.28 

0.18* 

-0.77 

-0.64 

-0.57 

256 

— 

... 

-1.36 

-0.68 

— 

2048 

Average  of  all  values  = 

-0.29 

-0.60 

* Not  included  in  average. 


Effect  of  charge  weight 

44.  Plates  47-52  show  the  effect  of  charge  weight  on  wave  height, 
and  the  values  of  n in  the  equations  a+1  * KWn  (crest  height  as  a 
function  of  charge  weight)  and  a+1  + a_1  = KWn  (total  wave  as  a function 
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of  charge  weight)  are  presented  in  tables  G and  H below.  These  values 
were  computed  by  the  method  of  least  squares. 


Table  G 

Values  of  "n"  from  Equation  a+^  = KWn 


Charge  Position  (Z) 

Gage  Location(R/D) 

0 

-1.0D 

-2.?D 

-4.0D 

60 

0.27 

0.29 

0.32 

O.36 

0.34 

100 

0.40 

0.39 

0.36 

0.42 

0.06 

200 

0.11 

0.28 

0.46 

O.36 

0.24 

Average 

0.26 

0.32 

0.38 

O.38 

0.21 

Average  of  all  values 

= 0.31 

Table  H 

Values 

of  "n"  from  Equation  1 

a+l  + a-l 

= KWn 

Charge  Position  (Z) 

Gage  Location(R/D) 

0 

-1.0D 

-4.0D 

60 

0.15 

0.18 

0.30 

0.26 

0.44 

100 

0.17 

0.24 

0.29 

0.39 

0.07 

200 

0.15 

0.35 

0.37 

0.29 

0.11 

Average 

0.16 

0.26 

0.32 

0.31 

0.21 

Average  of  all  values 

= 0.25 

45.  Although  these  average  values  vary  slightly  from  those  pre- 
sented in  previous  reports,  their  order  of  magnitude  and  the  range  of 
scatter  of  the  individual  values  are  consistent  with  previous  results 
(Report  No.  2). 
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Discussion  of  results 

46.  The  results  of  water  wave  measurements  presented  herein  are, 

as  previously  stated,  limited  to  what  appeared  to  be  the  first  and  second 
crest  and  trough  recorded  on  each  wave  rod.  Preliminary  analysis  of  photo- 
graphic data,  however,  shows  that  wave  records  have  been  affected  consider- 
ably by  fall-out  of  bottom  material,  and  that  a wave  of  a more  regular  pat- 
tern, which  may  have  resulted  from  the  explosion,  moved  radially  outward 
some  time  after  the  fall  out.  Investigations  of  photographic  data  are 
being  continued  and  all  wave  records  are  being  re-examined  to  determine 
whether  or  not  a gravity-type  wave,  similar  to  that  found  in  the  scaled 
200-ft  water  depth,  was  formed  in  these  tests.  There  is  no  evidence, 
however,  which  indicates  that  wave  heights  previously  reported,  or  those 
reported  herein,  for  the  scaled  30-ft  depth  will  be  changed  appreciably  as 
the  result  of  this  study. 

Test  Results  — Air  Blast 

47,  Plate  53  shows  typical  air-blast  records.  These  records  were 
obtained  from  a l6-lb  charge  fired  at  the  bottom.  The  five  digit  number 
appearing  at  the  top  identifies  each  record.  The  first  digit  identifies  . 
the  channel  or  oscilloscope  from  which  the  record  was  obtained  and  the  re- 
maining digits  identify  the  shot  number.  The  dots  near  the  base  of  the 
record  are  timing  marks  which  have  a normal  interval  of  two  and  one -half 
milliseconds  (2.5  ms);  however,  intervals  as  long  as  ten  milliseconds 
were  used  to  record  the  air  blast  from  the  large  field-test  shots.  In 
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addition  to  the  pressure -time  traces  (A),  the  records  have  two  calibra- 
tion steps  (B)  which  were  made  before  and  after  the  charge  was  detonated. 
The  recording  equipment  was  connected  to  the  firing  circuit  so  that  the 
beam  which  made  the  pressure -time  trace  on  the  film  would  brighten  when 
the  firing  switch  was  closed  and  would  remain  bright  for  one  revolution 
of  the  drum  camera.  The  timing  dots  were  recorded  simultaneously  with 
the  pres sure -time  trace. 

Analysis  of  pressure -time  records 

48.  The  film  strip  pressure-time  records  were  enlarged  to  approxi- 
mately eight  times  their  normal  size  by  placing  them  in  a Vu-Graph 
projector  and  projecting  them  against  a wall.  Pertinent  sections  of  the 
enlargement  were  then  traced  on  regular  coordinate  paper,  such  as  the 
pressure -time  curve  of  the  shock  wave,  the  vertical  deflection  of  the 
calibration  steps,  and  enough  timing  dots  to  determine  the  time  scale. 

The  length  of  the  time -of -arrival  line  was  measured  directly  on  the  en- 
largement and  noted  on  the  tracing.  This  tracing  then  became  the  work 
sheet  for  the  computation  of  blast -pres  sure  phenomena.  A typical  work 
sheet  is  shown  on  plate  54.  The  calibration  factor  was  computed  by 
applying  the  gage  factor,  shunt  capacitance,  and  calibration  voltage  to 
the  calibration  deflection.  The  peak  pressure  was  obtained  by  extending 
the  pressure -time  curve  upward  to  where  it  intersected  a vertical  line 
drawn  through  the  midpoint  of  the  pressure  rise  line  and  applying  the 
calibration  factor  to  the  resulting  deflection.  Time  of  arrival  and 
durations  of  positive  and  negative  pressures  were  computed  by  multiplying 
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their  measured  length  by  the  time  scale  obtained  from  the  timing  dots. 

The  areas  bounded  by  the  pres sure -time  curves  and  the  base  line  were 
planimetered  and  multiplied  by  the  impulse  scale  (product  of  pressure 
scale  and  time  scale)  to  obtain  the  positive  and  negative  impulses.  Aver- 
age velocities,  charge -to -gage,  were  computed  by  dividing  the  distance 
from  the  charge  to  the  gage  by  the  time  of  arrival  of  the  shock  wave;  and 
the  gage-to-gage  velocities  were  obtained  by  dividing  the  distance  be- 
tween successive  gages  by  the  difference  in  arrival  times.  A sample  set 
of  calculations  is  given  in  the  Appendix. 

Test  data 

49,  Results  of  air-blast  measurements  obtained  from  shots  fired  in 
the  WES  test  basin  are  presented  in  tables  7-24,  while  results  obtained 
from  the  field-test  shots  are  listed  in  tables  25-30.  Shot  numbers  are 
repeated  in  the  tables  where  more  than  one  gage  was  located  at  the  same 
distance  from  the  charge.  These  tables  list  the  values  computed  for  each 
record  and  also  give  the  arithmetic  mean  and  the  standard  deviation  of 
the  mean  for  each  set  of  values. 

50.  A resume  of  all  peak  pressure  data  obtained  in  the  tests  is 
presented  on  plate  55/  which  shows  the  variation  of  the  average  peak 
pressures  for  each  charge  weight  with  reduced  distances  (\)  for  the 
various  charge  positions.  The  curves  and  accompanying  equations  shown 
were  computed  by  assuming  that  the  values  obtained  from  all  charges,  ex- 
cept the  0.5 -lb  charge,  plotted  as  a straight  line  and  that  an  equation 
of  the  form  p * K\n  could  be  written  for  each  charge  position.  Since 
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results  obtained  from  the  0.5-lb  charges  obviously  plotted  in  a lower 
range  for  nearly  all  charge  positions,  these  data  were  omitted  from  the 
computations.  The  effect  of  charge  position  on  peak  pressure  is  shown 
on  plate  56,  where  peak  pressure  vs  reduced  distance  curves  are  plotted 
for  each  charge  position.  Reduced  positive  impulse  is  presented  in  a 
similar  manner  on  plates  57  and  58*  Most  of  the  blast  records  showed  an 
appreciable  negative  phase  following  the  decay  of  the  shock  wave.  Al- 
though there  was  considerable  scatter  in  the  measurements,  the  data  ob- 
tained from  the  negative  portion  of  the  blast-wave  records  also  are 
listed  in  tables  7-30.  It  was  first  thought  that  the  lack  of  low- 
frequency  response  of  cathode  followers  in  the  air-blast  recording  in- 
strumentation was  affecting  the  values  of  negative  pressures.  However, 
after  a review  of  the  capabilities  of  air-blast  instrumentation,  in- 
cluding discussions  with  Dr.  A.  B.  Arons,  Consultant  on  the  project,  it 
was  concluded  that  a reasonable  degree  of  accuracy  could  be  expected  of 
measurements  in  the  negative  portion  of  the  blast  wave.  Pending  further 
analysis  of  these  portions  of  the  records  for  possible  minor  corrections, 
the  data  are  presented  only  in  tabular  form  in  this  report. 

Discussion  of  results  - air  blast 

51.  The  results  of  air-blast  measurements  indicate  a close  agree- 
ment with  the  cube  root  scaling  law  as  evidenced  by  the  conformity  of 
the  peak  pressures  and  values  of  reduced  positive  impulse  listed  in 
tables  7-30*  Results  obtained  with  the  0.5-lb  charge  were  not  generally 
in  agreement  with  results  for  other  charge  weights  and  were  therefore 
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omitted  in  the  computations  for  developing  the  equations  given  on  plates 
55  and  57*  Charges  detonated  at  and  slightly  above  the  water  surface 
yielded  peak  pressures  of  the  same  magnitude  beyond  a scaled  distance  of 
X » 10.  At  lesser  scaled  distances  the  charge  fired  at  Z = 0.5D  gave 
slightly  higher  pressures  (plate  56).  At  X = 6 , pressures  were  reduced 
approximately  30  per  cent  when  the  charge  was  detonated  at  the  bottom  as 
compared  with  the  surface  shot;  however,  the  rate  of  attenuation  of  the 
shock  wave  was  indicated  to  be  less  than  those  for  the  two  higher  charge 
positions  since  the  three  lines  tend  to  converge  at  X = 20  (plate  56). 
Charges  detonated  at  scaled  distances  of  45  and  90  ft  below  the  bottom 
effected  considerable  reductions  in  peak  pressures  throughout  the  range 
of  measurements.  It  is  of  interest  to  compare  the  experimental  pressures 
with  pressures  which  would  have  been  obtained  had  the  tests  been  performed 
in  the  free  air  region.  Such  a comparison  is  made  in  table  I below  for 
three  pressure  levels,  where  the  "equivalent  weight  in  free  air"  is  defined 
as  the  ratio  of  the  charge  weight  required  to  produce  the  given  pressure 
level  in  free  air  to  the  weight  of  the  experimental  charge  at  the  various 
charge  positions  which  will  give  the  same  pressure  at  the  same  radial 
distance.  The  table  shows,  for  example,  that  a charge  positioned  at 
-2.5D  must  be  8 times  the  weight  of  a charge  in  free  air  to  produce  a 
pressure  of  10  psi  at  the  same  distance  from  the  charge. 
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Table  I 

Equivalent  Charge  Weight  in  Free  Air 


Pressure  Levels.  Psi 


Charge  Position(Z) 

20 

10 

5 

0.5D 

1.08 

1.37 

1.44 

0 

0.79 

1.13 

1.36 

-1.0D 

0.30 

0.61 

1.10 

-2.5D 

— 

0.13 

0.32 

-4.0D 

m w m m 

0.06 

52.  The  plots  of  reduced  positive  impulse  shown  on  plate  58  indi- 
cate that  an  appreciable  reduction  in  impulse  is  effected  by  placing 
the  charge  at  the  bottom  in  a relatively  shallow  water  depth  as  compared 
to  charges  fired  at  or  slightly  above  the  water  surface.  Charges  placed 
45  to  90  ft  below  the  bottom  reduce  the  magnitude  of  impulse  by  factors 
ranging  from  50  to  65  per  cent,  depending  on  the  distance  from  the  charge 
and  charge  position. 
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Abbreviations  and  Symbols 


A area' of  crater  in  sq  ft 

a+1  crest  height  of  first  surface  wave  in  ft 

a_^  trough  depth  behind  first  surface  wave  in  ft 

a,  * a + a 
1 +1  -1 

a+g  crest  height  of  second  surface  wave  in  ft 
a g trough  depth  behind  second  surface  wave  in  ft 

2 +2  -2 

c celerity  or  velocity  of  the  surface  wave  in  ft  per  sec 
D depth  of  water  in  ft 

d maximum  depth  of  apparent  crater  in  ft  (after  collapse  of 
crater  lip) 

dj^  maximum  depth  of  apparent  crater  in  ft  (before  collapse  of 
crater  lip) 

h height  of  crater  lip  in  ft 
I positive  impulse  in  lb -ms  per  sq  in 
m milli 
ms  millisecond 

P any  parameter  in  the  general  empirical  formula  P = KWn,  where  K 
is  a constant  and  n is  the  exponent  of  W 

p peak  pressure  in  lb  per  sq  in 

R horizontal  distance  from  charge  in  ft 

r radius  of  crater  (w/2)  in  ft 

t time  in  sec 

V volume  of  crater  in  cu  ft 
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Abbreviations  and  Symbols  (Cont'd) 


W value  of  energy  release,  or  weight  of  charge  in  lb 
w width  of  crater  in  ft 
w'  width  of  crater  lip  in  ft 

X,  Y standard  rectangular  coordinates  from  any  designated  point 
of  origin  in  ft 

Z charge  position,  distance  from  water  surface  to  charge  center 
of  gravity  expressed  in  terms  of  the  total  water  depth 

X R/W1/^  (reduced  distance) 

H micro 
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PHOTOGRAPH  1 


Crater  formed  "by  l6-lb  charge  detonated  one-half  water  depth  above  water  surface 

Scaled  water  depth,  30  ft 
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PHOTOGRAPH  4 
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Crater  formed,  "by  16—113  charge  detonated  at  a scaled  depth  of  ft  helow  "bottom 

Scaled  vater  depth,  30  ft 
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PHOTOGRAPH  5 


Crater  farmed  "by  l6-Ib  charge  detonated  at  a scaled  depth  of  90  ft  below  bottom 

Scaled  water  depth,  30  ft 
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Crater  formed  "by  256-lb  charge  detonated  at  "bottom 
Scaled  water  depth,  30  ft 
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Tie li  1 

uajus  or  cut  ex  in  t«sts  h uid  - o.j-ib  clime 
i vWJ  • o.oaa 


later 

Crater  Dlaenaione 

leduoed  Orator  Oiueoalona 

mSS  (i)* 

Shot 

tepth 

■ "—a  ^ ' pi 

1 

a/»V3 

h/WJ 

*y*»/3 

So. 

D(ft) 

■ inlM 

••  (ft) 

4l/»Vl 

Chary*  halo*  tattoo 
(I  • ni.CD)** 

284 

0.07 

1.02 

3.61 

0.12 

1.70 

1.28 

— 

4.55 

0.1J 

2.14 

285 

0.07 

0.93 

1.12 

3.41 

0.14 

1.80 

1.17 

1.41 

4.29 

0.18 

2.27 

286 

0.07 

0.92 

see* 

3.15 

0.14 

1.93 

1.16 

— 

3.97 

0.18 

2.43 

lliaa  values 

Standard  deviation 

0.07 

0.96 

1.12 

3.39 

013 

1.81 

1.20 

1.41 

4.27 

0.17 

2*28 

of  the  oeea 

10.03 

0.00 

80.13 

10,01 

10.07 

80.04 

0.00 

80.16 

Zo.ca 

10.09 

Choree  beloe  bottoa 
(X  ■ -2.5D)*** 

231 

0.07 

0.67 

0.79 

2.97 

0.12 

2.02 

0.84 

0.99 

3.74 

0.15 

2.54 

282 

0.07 

0.66 

i.ea 

3.09 

0.12 

1.93 

0.83 

1.27 

3.89 

0.15 

2.43 

283 

0.07 

0.64 

#*** 

2.94 

0.12 

2.01 

0*81 

— 

3.70 

0.15 

2.57 

Mean  values 
Standard  deviation 

0.07 

0.66 

0.90 

3.00 

0.12 

2.00 

0.83 

1.13 

3.78 

0.15 

2.51 

of  tha  as  an 

zo.ca 

10.11 

10.05 

0.00 

80.04 

8o.ai 

80.14 

80.06 

0.00 

80.05 

Charge  at  bottoa 
(I  - -1.00) 

27S 

0.07 

0.44 

— 0# 

2.36 

0.13 

2.33 

0.55 

— 

2.97 

0.16 

2.93 

279 

0.07 

0.53 

2.75 

0.04 

1.U 

0.67 

_ 

3.46 

0.05 

1.40 

280 

0.07 

0.54 

8HMM5 

2.76 

0,07 

1.63 

0.68 

— 

3.48 

0.09 

2.05 

Mean  values 

Standard  deviation 

0.07 

0.50 

— 

2.62 

0.08 

1.69 

0.63 

— 

3.30 

0.10 

2.13 

of  tha  was 

80.01 

- 

10.13 

80.03 

80.35 

80.01 

— 

80.16 

80.04 

80.44 

Charge  ot  surface 
(I  - 0) 

287 

0.07 

0.37 

MM 

2.50 

0.06 

1.88 

0.47 

— 

3.15 

0.08 

2.37 

288 

0.07 

0.30 

MM 

2.55 

0.05 

1.73 

0.38 

— 

3.21 

0.06 

2.18 

289 

0.07 

0.28 

**** 

2.20 

0.11 

1*25 

0.35 

— 

2*77 

0.14 

1.57 

Mean  values 
Standard  deviation 

0.07 

0.32 

— 

2.42 

0.07 

1.62 

0.40 

— 

3.04 

0.09 

2.04 

of  tha  mm 

*0.0) 

10.11 

10.02 

80.19 

80.04 

— • 

80.14 

80.03 

80.24 

Charge  shove  surf aoe 
(Z  - 0.JD) 

290 

0.07 

0.30 

MM 

2*72 

o.ca 

0.63 

0.38 

— 

3.43 

O.OL 

0.79 

296 

0.07 

0.32 

eeee 

1.94 

0.04 

2.03 

0.40 

— 

2.44 

0.05 

2*56 

297 

0.07 

0.35 

8HHMI 

2.44 

0.04 

0.80 

0.44 

— 

3.07 

0.05 

1.11 

■eon  values 
Standard  deviation 

0.07 

0.32 

80.01 

— 

2.37 

±0.22 

0.03 

1.15 

0.41 

— 

2.98 

0.04 

1.45 

of  the  aeon 

— 

8o.a 

80.44 

lo.ca 

— 

80.  28 

8o.aa 

80.55 

• Charya  Tuition  (t)  ioooUi,  la  tana  of  total  watar  dapth  (0),  tfaa  ill  at  anna  abota  or  baloa  tha  rotor  anrfaaa  to  tha 
charge  sent sr  of  gravity. 

**  Full-aoale  depth  balsa  bottom — 90  ft. 

*•*  Fhll-ooale  depth  beloe  bottom— 45  ft* 

***•  OmlUhla  or  uo  dot*  nhtslasl. 


CONFIDENTIAL 
Security  Information 


CONFIDENTIAL 

Security  Information 


TABLE  2 

RESULTS  Or  CBATfiUNG  TESTS  U SAND  - 4-l£  CHABOE8 
D/H/3  • 0.088 


Orator  Pino  oa  Iona leduood  Crater  Dinoaalona 


Charge 

Shot 

teptb 

Max  Depth 

Max  Width 

Haight  of  Lip 

Width  ^ of  ^Lip 

d/wV3 

a/wV3 

h/H/3 

.•/W3 

Position  (z)* 

Mo. 

p(rt) 

d (ft 

dj(ft) 

» (ft) 

h (ft) 

Charge  boloa  bottoo 
(Z  • -4.00)** 

267 

o.u 

1.18 

1.78 

6.96 

0.25 

4.52 

0.74 

1.12 

4.38 

0.16 

2.84 

269 

o.u 

1.23 

1.55 

7.66 

0.29 

4.18 

0.77 

0.97 

4*82 

0.18 

2.63 

274 

o.u 

1.24 

1.42 

7.56 

0.30 

4.23 

0.78 

0,89 

4.75 

0.19 

2.66 

Mean  values 

Standard  dev let loo 

0.U 

1.22 

1.58 

7.39 

0.28 

4.31 

0.76 

0.99 

4.65 

0.18 

2.71 

20.06 

of  the  ooan 

-0.02 

10.10 

10.22 

10,01 

20.09 

10.01 

10.06 

lo.u 

lo.ai 

Charge  boloa  bottoo 

264 

O.u 

0.91 

1.56 

6.00 

0.24 

2.97 

0.57 

0.98 

3.77 

0.15 

1.87 

(Z  • -2.5D)**. 

26$ 

O.u 

0.98 

1.55 

6.33 

0.24 

2.88 

0.62 

0.97 

3.98 

0.15 

1.81 

266 

o.u 

1.12 

6HHH6 

6.57 

0.22 

2.70 

0.70 

— 

4.13 

0.U 

1.70 

Naan  values 

Standard  deviation 

o.u 

1.00 

1.56 

6.30 

0.23 

2.85 

0.63 

0.98 

3.96 

0.15 

1.79 

of  the  aaan 

10.06 

0.00 

10.17 

10.01 

10.08 

20.04 

0.00 

10.11 

lo.ai 

10.05 

Charge  at  bottoo 

254 

0.U 

0.70 

1.29 

5.55 

0.19 

3.22 

0.U 

0.81 

3.49 

0.12 

2.03 

(Z  ■ -1.00) 

255 

O.U 

0.7Q 

1.20 

5. SO 

o.u 

3.10 

0.U 

0.75 

3.65 

0.09 

1.95 

256 

O.U 

0.70 

1*49 

5.75 

0.30 

3.12 

O.u 

0.94 

3.62 

0.19 

1.96 

Haan  values 

Standard  deviation 

o.U 

0.70 

1.33 

5.70 

0.21 

10.05 

3.15 

0.44 

0.83 

3.59 

0.13 

1.98 

of  the  eoan 

0.00 

10.09 

lo.oe 

20.06 

0.00 

10.06 

10.05 

10.03 

20.03 

Charge  at  aurfaoo 

261 

0.u 

0.72 

MHHI 

5.U 

0.16 

2.93 

0.45 

3.23 

0.10 

1.84 

(Z  • 0) 

262 

0.u 

0.75 

6MHH6 

4.86 

O.U 

2.59 

0.47 

— 

3.04 

0.09 

1.63 

263 

o.u 

0.73 

e*#* 

4.66 

0.15 

2.67 

0.46 

— 

2.93 

0.09 

1.68 

dean  values 

Standard  davlatloo 

o.u 

0.73 

— 

4.88 

0.15 

2.73 

0u6 

— 

3.07 

0.09 

1.72 

of  tba  naan 

lO.Ql 

' 

10.U 

io.  ca 

10.10 

lo.m 

1 

20.09 

lo.ai 

10.06 

Charge  above  aurfaoo 

270 

o.u 

0.71 

w* 

3.80 

0.22 

2.62 

0.45 

2.39 

0.U 

1.65 

(Z  - 0.5D) 

272 

0.u 

0.73 

4.35 

0.19 

2.83 

0U6 

— 

2.74 

0.12 

1.78 

273 

O.u 

0.75 

6MMM6 

4.10 

0.22 

2.95 

0*47 

— 

2.58 

O.u 

1.86 

Mean  values 

Standard  deviation 

O.u 

0.73 

— 

4.08 

0.21 

2.80 

0.46 

— 

2.57 

0.13 

1.76 

of  tbo  as an 

lo.ca 



20.16 

lo.ai 

20.10 

lo.ca 

— 

io.io 

10.01 

10.06 

Charge  Position  (Z)  denotes,  la  tons  of  total  water  depth  (D),  tba  distance  above  or  boloa  tbo  watar  aurfaoo  to  the 
charge  canter  of  |ravlt;« 

full-scale  dapth  boloa  bot too— 90ft. 

fall -scale  dapth  boloa  bet  too —45ft. 

Unreliable  or  no  data  obtained. 
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TiBU  3 


RKSOLTS  (V  C&iTffiUG  TiSTS  Hi  sidD  - 16-Ii  CKiftCZS 
D/*V3  - 0.088 


Crater  Dimensions 

toduotd  Cr*t«r  OlMBlioat 

Chare* 

Position  (Z)* 

Shot 

Depth 

Max  Dapth 

Max  lidth 

H.llht  of  Up 

dldth  of  Up 

d/»V3 

di/»V3 

./»V3 

vWj 

»>/W3 

«o. 

D(ft) 

d («) 

dX(ft) 

» (ft) 

h (ft) 

»'  (ft) 

Charga  balov  bottoa 

307 

0.22 

1.45 

3,09 

11.94 

0.40 

4.03 

0.58 

1.23 

4.74 

0.16 

1.60 

(Z  ■ -4.0D)** 

308 

0.22 

1.19 

2.89 

11.94 

0.57 

4.03 

0.47 

1.15 

4.74 

0.23 

1.60 

309 

0.22 

M*# 

2.92 

*+*# 

seat 

MHH) 

— 

1.16 

— 

— 

— 

Naan  raluas 

Standard  deviation 

0.22 

1.32 

2.97 

11.94 

0.49 

4.03 

0.53 

1.18 

4.74 

0.20 

1.60 

of  tha  atan 

10.13 

Jo.  06 

0,00 

10.08 

0.00 

10.05 

10.02 

0.00 

J0.03 

0,00 

Charga  bales*  bottoa 

310 

0.22 

1.32 

2.54 

10.54 

0.53 

4.73 

0,52 

1.01 

4.18 

0.21 

1.88 

(Z  ■ -2.50)*** 

3U 

0.22 

1.19 

2.67 

10.30 

0.51 

4.86 

0.47 

1.06 

4.09 

0.20 

1.93 

313 

0.22 

1.16 

2.38 

9.52 

0.43 

5.24 

0.46 

0.94 

3.78 

0.17 

2.08 

Moan  raluas 

Standard  deviation 

0.22 

1.22 

2.53 

10.12 

0.49 

4.94 

O.48 

1.00 

4.02 

0.19 

1.96 

of  tha  Man 

30.05 

Jo.  08 

J0.30 

io.  03 

10.15 

10.02 

10.03 

Jo.  12 

io.a 

J0.06 

Charga  at  bottoa 

298 

0.22 

0.88 

2.01 

8.20 

O.47 

4.90 

0.35 

0,80 

3.25 

0.19 

1.94 

(Z  * -1,00) 

309 

0.22 

0.83 

*m 

7.64 

0.39 

5.20 

0.33 

_ 

3.03 

0.15 

2.06 

305 

0.22 

0,80 

1.97 

7.72 

0.47 

5.13 

0.32 

0.78 

3.06 

0.19 

2.<X 

Haas  values 

Standard  deviation 

0.22 

0.84 

1.99 

7.85 

0.44 

5.08 

0.33 

0.79 

3.11 

0.18 

2.Q0L 

of  tha  naan 

Jo.  02 

J0.Q2 

10.17 

10.03 

J0.09 

Jo.  01 

JO.  01 

10.07 

J0.01 

J0.04 

Charga  at  surfaoa 

3U 

0,22 

0.82 

**#* 

6.90 

0.28 

4.55 

0.33 

2.74 

0.11 

1.81 

(Z  * o) 

315 

0.22 

0.84 

7.50 

0.35 

4.25 

0.33 

r- 

2.98 

0.14 

1.69 

325 

0.22 

0.88 

#♦#* 

7.60 

0.38 

4.20 

0.35 

— 

3.02 

0.15 

1.67 

Mean  valuta 

0.22 

0.85 

7.33 

0.34 

4.33 

0.34 

2.91 

0.13 

1.72 

Standard  deviation 
of  the  aaan 

J0.  02 

— 

J0.22 

10.03 

lo.ll 

Jo.  01 

— 

Jo.  09 

Jo.oi 

J0.04 

Charga  above  surfaoa 

319 

0.22 

0.63 

1.38 

6.27 

0.31 

4.35 

0.25 

0.55 

2.49 

0.12 

1.73 

(Z  - 0.5D) 

326 

0.22 

1.06 

eeee 

6.75 

0.29 

4.15 

0.42 

2.68 

0.12 

1.65 

329 

0.22 

1.09 

HM 

6.90 

0,08 

4.05 

0.43 

— 

2.74 

0.03 

1.61 

Mean  values 

Standard  deviation 

0.22 

0.93 

1.3« 

6.64 

0.23 

4.18 

0.37 

0.55 

2.64 

0.09 

1.66 

of  tha  Man 

10.15 

0,00 

10.19 

Jo.  07 

JO.  09 

J0.06 

0.00 

Jo.os 

*0.03 

Z0.<* 

Charge  Position  (z)  danotss,  In  tarns  of  total  vatar  dapth  (D),  tha  diataaoe  abort  or  balov  tha  watar  surfaoa  to  tha 
oharga  oantar  of  gravity. 

Pull-soalt  dapth  balov  bottoa — 90  ft. 

full -So  alt  dapth  balov  bottoa— 45  ft. 

Unrallabl#  or  no  data  obtalnad. 
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TABLE  5 


RESULTS  OF  CRATER  IMG  TESTS  IN  SAND 
D/W3  - o,068 


Crater 

Values  for 
Wl/3  Law 

Mean 

Experimental 

Values 

Parameter* 

g 

a 

K 

n 

Charge  below  botton  (Z  ■ -4.0D) 

Width  - w 

4.65 

0.333 

4.39 

0.366 

Depth  - d 

0.79 

0.333 

1.02 

0.157 

Up  Height  - h 

0.19 

0.333 

0.17 

0.400 

Area  - A 

2.37 

0.667 

2.70 

0.584 

Values  - V 

6.35 

1.000 

6.47 

0.989 

Charge  below  bottoa  (Z  “ -2.5D) 

Width  - w 

3.98 

0.333 

3.S4 

0.354 

Depth  - d 

0.61 

0.333 

0.75 

0.195 

Up  Height  - h 

0.17 

0.333 

0.15 

0.396 

Area  - A 

1.59 

0.667 

1.79 

0.594 

Values  - V 

3.76 

1.000 

3.90 

0.977 

Charge  at  bottoa  (Z  " -l.QD) 

Width  - w 

3.41 

0.333 

3.38 

0.339 

Depth  - d 

0.44 

0.333 

0.55 

0.183 

Up  Height  - h 

0.17 

0.333 

0.11 

0061 

Area  - A 

1.03 

0.667 

1.12 

0.617 

Values  - V 

1.67 

1.000 

2.10 

1.007 

Charge  at  surfaoe  (Z  “ 0) 

Width  - w 

3.01 

0.333 

3.05 

0.3a 

Depth  - d 

0.40 

0.333 

0.42 

0.291 

Up  Height  - h 

0.10 

0.333 

0.09 

0.449 

Area  - A 

0.79 

0.667 

0.30 

0.652 

Voluse  - V 

1.35 

1.000 

1.30 

1.020 

Charge  above  surfaoe  (Z  ■ 0.5D) 

Width  - v 

2.73 

0.333 

2.85 

0.294 

Depth  - d 

0.41 

0.333 

0.44 

0.301 

Up  Height  - h 

*» 

** 

** 

** 

Area  - A 

0.67 

0.667 

0.66 

0.680 

Values  - V 

1.01 

1,000 

0.98 

1.025 

*P  - KWn  where; 

P * spec if lad  parameter 
K * constant 

V * oharge  weight  in  lbs 
n * exponent  of  oharge  weight 

**  * Unreliable  data 

Charge  position  (Z)  denotes,  in  teres  of  total  water 
depth  (D),  the  distance  above  or  below  the  water 
surfaoe  to  the  oharge  oenter  of  gravity. 
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(INCLUDES  TIES  BASIN  AND  FT  ELD  TEST  DATA) 
CHARGE  AT  BOTTOM  (Z  * -l.OD) 
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W ■ charge  weight  in  lbs 
n *=  exponent  of  charge  weight 

Charge  position  (Z)  denotes,  in  terms  of  total  water 
depth  (D),  the  distance  above  or  below  the  water 
surface  to  the  charge  center  of  gravity* 
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8.4  minutes 


Collapse  of  crater  lip.  Crater  farmed  by  32-lb  charge  detonated  at  a 
scaled  depth  of  90  ft  below  bottom 
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CHARGE  AT  SURFACE  (Z  = O) 
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CRATER  DIMENSIONS 


HALF-CRATER  PROFILES 
BOTTOM  MATERIAL  - SAND 
CHARGE  WEIGHT  - 0.5  LB 
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PROFILE  BEFOA 
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fATER  LIP  COLLAPSc.  
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E CRATER  LIP  COLLAPSE 
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AVERAGE  CRATER  DATA  * 

w=  5.70  FT  A=  2.71  SQ  FT 

d=  0.70  FT  V=  1002  CU  FT 

W-  3.15  FT  h=  0.21  FT 

DATA  TAKEN  FROM  SHOTS 
254  255  256 
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’ DATA  APPLY  TO  SOLID  CURVE 


4 / x 3 2 

WIDTH  (X)  IN  FEET 
CHARGE  AT  BOTTOM  (Z  * — 1.0  D) 
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CRATER  DIMENSIONS 


HALF-CRATER  PROFILES 
BOTTOM  MATERIAL  - SAND 
CHARGE  WEIGHT -4  LB 
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PLATE  6 


CONFIDENTIAL 
Security  Information 


DEPTH  (Y)  IN  FEET 


CONFIDENTIAL 

Security  Information 


WIDTH  (X)  IN  FEET 
CHARGE  AT  SURFACE  (Z=0) 


0.4 


0.2 


Id 

UJ 

^ 0 


I 

H 

0- 

td 

O 


HALF-CRATER  PROFILES 
BOTTOM  MATERIAL  - SAND 
CHARGE  WEIGHT -4  LB 
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CRATER  DIMENSIONS 


WIDTH  (X)  IN  FEET 
CHARGE  ABOVE  SURFACE  CZ  = 0.5D) 
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' NOTE  AVERAGE  PROFILE  AFTER  CRATER  LIP  COLLAPSE 

APPROX  IMA  TE  PROF/L  E BEFORE  CRA  TER  LIP  COL  LA  PSE 


AVERAGE  CRATER  DATA* 

w=  II  94  FT  A = 12.31  SQ  FT 
d = 1.32  FT  V=  93  29  CU  FT 

w'=  4.03  FT  h:  0 49  FT 

DATA  TAKEN  FROM  SHOTS 
307  308  309 


8 7 6 5 4 

WIDTH  (x)  IN  FEET 
BELOW  BOTTOM  ‘(2- -4.0  D) 


I NOTE : AVERAGE  PROFILE  AFTER  CRATER  LIP  COLLAPSE 

APPROXIMATE  PROFILE  BEFORE  CRATER  LIP  COLLAPSE 


13 12 II 10 

AVERAGE  CRATER  DATA* 

w—  10  12  FT  A=  8 65  SO  FT 
d = 1.22  FT  V=  54.30  CU  FT 

w'x  4 94  FT  h = 049  FT 

DATA  TAKEN  FROM  SHOTS 
310  311  313 


9 8 7 6 5 4 

WIDTH  (X)  IN  FEET 
CHARGE  BELOW  BOTTOM  (Z  - - 2,5  D) 


‘ AVERAGE  PROFILE  AFTER  CRATER  UP  COLLAPSE  

APPROXIMATE  PROFILE  BEFORE  CRATER  UP  COLLAPSE 


13  12  II 10 

AVERAGE  CRATER  DATA* 

w=  7.85  FT  A=  517  SQ  FT 
d=  084  FT  V=  25  43  CU  FT 
w'=  508  FT  h=  044  FT 

DATA  TAKEN  FROM  SHOTS 
298  304  305 


DATA  APPLY  TO  SOLID  CURVE 


9 8 7 

WIDTH  (X)  IN 
CHARGE  AT  BOTTOM 


6 5 

FEET 

(Z  - -I0  D) 
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CRATER  DIMENSIONS 


HALF-CRATER  PROFILES 
BOTTOM  MATERIAL  - SAND 
CHARGE  WEIGHT-- 16  LB 

= 0.088 
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AVERAGE  CRATER  DATA 


w=  6.64  FT  A=  4.15  SQ  FT 
d=  0.93  FT  V=  16.25  CU  FT 
w'=  4.18  FT  h=  0.23  FT 

DATA  TAKEN  FROM  SHOTS 
319  326  329 


9 8 7 6 5 

WIDTH  (X)  IN  FEET 
CHARGE  ABOVE  SURFACE  (Z-0.5D) 


CRATER  DIMENSIONS 


HALF-CRATER  PROFILES 
BOTTOM  MATERIAL  - SAND 
CHARGE  WEIGHT -16  LB 
- 0.088 
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AVERAGE  CRATER  DATA* 

W = 13  17  FT  A:  14  77  SQ  FT 
a-  I 54  FT  V = 122  47  CU  FT 
*'r  3 42  FT  hr  0.59  FT 

DATA  TAKEN  FROM  SHOTS 
331  332  330 


9 8 7 6 5 

WIDTH  (x)  IN  FEET 
CHARGE  BELOW  BOTTOM  (Z--2.5D) 
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NOTE:  AVERAGE  PROFILE  AFTER  CRATER  UP  COLLAPSE 

APPROXIMATE  PROFILE  BEFORE  CRATER  UP  COLLAPSE 
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13 12- II 10 

AVERAGE  CRATER  DATA* 

«:  II  54  FT  A r 1083  SQ  FT 
d-  I 14  FT  Vr  81  12  CU  FT 
W'r  4.23  FT  h:  0 51  FT 

DATA  TAKEN  FROM  SHOTS 
330  337 338 

* DATA  APPLY  TO  SOLID  CURVE 
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WIDTH  (A)  IN  FEET 
CHARGE  AT  BOTTOM  (Z--I.0D) 
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CRATER  DIMENSIONS 


HALF-CRATER  PROFILES 
BOTTOM  MATERIAL  - SAND 
CHARGE  WEIGHT- 32  LB 

= 0.088 
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/'N  - ESTIMATED  LIP  HEIGHT 

/ \T  IMMEDIATELY  AFTER  FIRING 

✓ \ 


WIDTH  (X)  IN  FEET 
CHARGE  AT  BOTTOM  (Z--I.0D) 


1.0 


0 

1.0 
2.0 

3.0 

4.0 

5.0 
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WIDTH  (X)  IN  FEET 
CHARGE  AT  BOTTOM  (Z  — I.OD) 


HALF-CRATER  PROFILES 
BOTTOM  MATERIAL  - SAND 
FIELD  TESTS 
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0 CHARGE  BELOW  BOTTOM 
O CHARGE  AT  BOTTOM 
7 CHARGE  AT  SURFACE 
0 CHARGE  ABOVE  SURFACE 


(Z  - - 4.0  D) 
(Z  --2.5  D) 
(Z  - - 1.0  0) 
(Z  -0) 

(Z  - 05  D) 


EFFECT  OF  CHARGE  WEIGHT 
ON  CRATER  AREA 

BOTTOM  MATERIAL  - SAND 
%-f  = 0.088 


PLATE  16 


CONFIDENTIAL 
Security  Information 


CONFIDENTIAL 

Securitv  Information 


CONFIDENTIAL 
Security  Information 


PLATE  17 


-VOLUME  OF  CRATER  CCU  FT) 
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(INCLUDES  RESULTS  OF  FIELD  TES 
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Z __  CHARGE  POSITION 
D WATER  DEPTH 
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EFFECT  OF  CHARGE  POSITION  ON 
REDUCED  CRATER  DIMENSIONS 

(INCLUDES  RESULTS  OF  FIELD  TESTS) 
BOTTOM  MATERIAL  - SAND 
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O 32-LB  CHARGE 
V 16-LB  CHARGE 
A 4- LB  CHARGE 
Q 0.5-LB  CHARGE 


DIMENSIONLESS  PLOTS  OF 
HALF-CRATER  PROFILES 

BOTTOM  MATERIAL -SAND 
CHARGE  BELOW  BOTTOM  (Z--2.5  D) 

= 0.088 
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7 16-LB  CHARGE 

A 4-LB  CHARGE 
□ 1/2-LB  CHARGE 

DIMENSIONLESS  PLOTS  OF 

HALF-CRATER  PROFILES 

BOTTOM  MATERIAL  - SAND 
CHARGE  ABOVE  SURFACE  (Z  = 0.5  D) 
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FIRST  WAVE  - CREST 
FIRST  WAVE  - TROUGH 
SECOND  WAVE  - CREST 
SECOND  WAVE  - TROUGH 

TIME  OF  ARRIVAL 
OF  SURFACE  WAVES 

R 

D 

DISTANCE  FROM  CHARGE  IN  FEET 
DEPTH  OF  WATER  IN  FEET 

CHARGE  WEIGHT  = 4 LB 

2 

CHARGE  POSITION 

d/W5  = 0.088 
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O FIRST  WAVE  - CREST 

• FIRST  WAVE  - TROUGH 

A SECOND  WAVE  - CREST 

A SECOND  WAVE  - TROUGH 

R DISTANCE  FROM  CHARGE  IN  FEET 
D DEPTH  OF  WATER  IN  FEET 

Z CHARGE  POSITION 


TIME  OF  ARRIVAL 
OF  SURFACE  WAVES 

CHARGE  WEIGHT  = 16  LB 

d/W5  = 0.088 
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O FIRST  WAVE  - CREST 

• FIRST  WAVE  - TROUGH 

A SECOND  WAVE  - CREST 

A SECONO  WAVE  - TROUGH 

R DISTANCE  FROM  CHARGE  IN  FEET 
D DEPTH  OF  WATER  IN  FEET 
Z CHARGE  POSITION 


TIME  OF  ARRIVAL 
OF  SURFACE  WAVES 

CHARGE  WEIGHT  = 32  LB 
D/Ws  =0.088 
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• BOTTOM  MATERIAL -LOESS 

O BOTTOM  MATERIAL  -SAND 

a*,  HEIGHT  OF  CREST  - 

ABOVE  STILL  WATER  IN  FEET 
a.,  DEPTH  OF  TROUGH  - 

BELOW  STILL  WATER  IN  FEET 
CL+,  +CL-,  HEIGHT  OF  WAVE  - 

CREST  TO  TROUGH  IN  FEET 
R DISTANCE  FROM  CHARGE  IN  FEET 

D DEPTH  OF  WATER  IN  FEET 


EFFECT  OF  CHARGE  POSITION 
ON  WAVE  HEIGHT 

FIRST  WAVE 

CHARGE  WEIGHT  = 0.5  LB 
D/Ws  = 0.068 
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• BOTTOM  MATERIAL -LOESS 

O BOTTOM  MATERIAL -SAND 

HEIGHT  OF  CREST  - 
ABOVE  STILL  WATER  IN  FEET 
a .2  DEPTH  OF  TROUGH  - 

BELOW  STILL  WATER  IN  FEET 
a42+a.2  HEIGHT  OF  WAVE  - 

CREST  TO  TROUGH  IN  FEET 
R DISTANCE  FROM  CHARGE  IN  FEET 

D DEPTH  OF  WATER  IN  FEET 


EFFECT  OF  CHARGE  POSITION 
ON  WAVE  HEIGHT 

SECOND  WAVE 
CHARGE  WEIGHT  =0.5  LB 
d/W5  = 0.088 
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BOTTOM  MATERIAL- LOESS 

BOTTOM  MATERIAL -SAND 

HEIGHT  OF  CREST  - 

ABOVE  STILL  WATER  IN  FEET 

DEPTH  OF  TROUGH  - 

BELOW  STILL  WATER  IN  FEET 

HEIGHT  OF  WAVE  - 

CREST  TO  TROUGH  IN  FEET 

DISTANCE  FROM  CHARGE  IN  FEET 

DEPTH  OF  WATER  IN  FEET 


EFFECT  OF  CHARGE  POSITION 
ON  WAVE  HEIGHT 

FIRST  WAVE 

CHARGE  WEIGHT  = 4 LB 

%/3  = 0.088 
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WAVE  HEIGHT  (FT) 


WAVE  HEIGHT  (FT) 


• 

BOTTOM  MATERIAL -LOESS 

0 

BOTTOM  MATERIAL  - SAND 

CU, 

HEIGHT 

OF  CREST  - 

ABOVE 

STILL  WATER  IN 

FEET 

a -a 

DEPTH 

OF  TROUGH  - 

BELOW 

STILL  WATER  IN 

FEET 

•+a.a 

HEIGHT 

OF  WAVE  - 

CREST 

TO  TROUGH  IN  FEET 

R 

DISTANCE  FROM  CHARGE  IN  FEET 

D 

DEPTH 

OF  WATER  IN  FEET 

EFFECT  OF  CHARGE  POSITION 
ON  WAVE  HEIGHT 

SECOND  WAVE 
CHARGE  WEIGHT  = 4 LB 
D/W?  = 0.088 


• **-- 
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4,0  D 


-0,8  -0  6 -0.4  -0  2 0 02  0.4  06  08  10  12  14  16  18  20 

WAVE  HEIGHT  (FT) 


CL*, 

HEIGHT 

OF  CREST  - 

ABOVE 

STILL  WATER  IN  FEET 

a., 

DEPTH 

OF  TROUGH  - 

BELOW 

STILL  WATER  IN 

FEET 

cu,  + a_, 

HEIGHT 

OF  WAVE  - 

CREST 

TO  TROUGH  IN 

FEET 

R 

DISTANCE  FROM  CHARGE 

IN  FEET 

D 

DEPTH 

OF  WATER  IN  FEET 

EFFECT  OF  CHARGE  POSITION 
ON  WAVE  HEIGHT 

FIRST  WAVE 

CHARGE  WEIGHT  = 16  LB 
D/W5  = 0.088 
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a„ 

HEIGHT 

OF  CREST  - 

ABOVE 

STILL  WATER  IN  FEET 

a. 2 

DEPTH 

OF  TROUGH  - 

BELOW 

STILL  WATER  IN 

FEET 

+ a.2 

HEIGHT 

OF  WAVE  - * 

CREST 

TO  TROUGH  IN 

FEET 

R 

DISTANCE  FROM  CHARGE 

IN  FEET 

D 

DEPTH 

OF  WATER  IN  FEET 

EFFECT  OF  CHARGE  POSITION 
ON  WAVE  HEIGHT 

SECOND  WAVE 
CHARGE  WEIGHT  = 16  LB 
D/Ws  = 0.088 
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EFFECT  OF  CHARGE  POSITION 
ON  WAVE  HEIGHT 

FIRST  WAVE 

CHARGE  WEIGHT  = 32  LB 
D/W5  = 0.088 
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• BOTTOM  MATERIAL  - LOESS 

O BOTTOM  MATERIAL  - SAND 

a fl  HEIGHT  OF  CREST  - 

ABOVE  STILL  WATER  IN  FEET 
a.,  DEPTH  OF  TROUGH  - 

BELOW  STILL  WATER  IN  FEET 
G*,4-a.,  HEIGHT  OF  WAVE - 

CREST  TO  TROUGH  IN  FEET 
R DISTANCE  FROM  CHARGE  IN  FEET 
D DEPTH  OF  WATER  IN  FEET 
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CONFIDENTIAL 

Spnirifv  Information 


WAVE  HEIGHT  (FT) 


• 

BOTTOM  MATERIAL -LOESS 

0 

BOTTOM  MATERIAL  - SAND 

<*♦2 

HEIGHT  OF  CREST  - 

ABOVE  STILL  WATER  IN  FEET 

-2 

DEPTH  OF  TROUGH  - 
BELOW  STILL  WATER  IN  FEET 

EFFECT 

OF  CHARGE 

POSITION 

.♦a.* 

HEIGHT  OF  WAVE  - 

CREST  TO  TROUGH  IN  FEET 

ON  WAVE  HEIGHT 

R 

D 

DISTANCE  FROM  CHARGE  IN  FEET 
DEPTH  OF  WATER  IN  FEET 

SECOND  WAVE 

CHARGE  WEIGHT  = 32  LB 
%/5  = 0.088 
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i 


O 05- LB  CHARGE 

• 4- LB  CHARGE 

& 16- LB  CHARGE 

A 32 -LB  CHARGE 

□ 256 -LB  CHARGE 

■ 2046-LB  CHARGE 

0«,  HEIGHT  OF  CREST  ABOVE 

STILL  WATER  IN  FEET 
D DEPTH  OF  WATER  IN  FEET 

Z CHARGE  POSITION 


EFFECT  OF  DISTANCE 
ON  WAVE  HEIGHT 

FIRST  CREST 

%i  = 0.088 
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R-DISTANCE  FROM  CHARGE  (FT) 
2=  -2  5 D 


10.0 


1.00 


0.10 


0.01 


0 05- LB  CHARGE 

• A -LB  CHARGE 

A 16 -LB  CHARGE 

A 32 -LB  CHARGE 

□ 256 -LB  CHARGE 

a4l  HEIGHT  OF  CREST  ABOVE 

STILL  WATER  IN  FEET 
D DEPTH  OF  WATER  IN  FEET 

Z CHARGE  POSITION 


EFFECT  OF  DISTANCE 
ON  WAVE  HEIGHT 

FIRST  CREST 
0.088 
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R-DISTANCE  FROM  CHARGE  (FT) 
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R- DISTANCE  FROM  CHARGE  (FT) 

Z-0 


0 5-  LB  CHARGE 
4 -LB  CHARGE 
16-LB  CHARGE 
32  - LB  CHARGE 

HEIGHT  OF  CREST  ABOVE 
STILL  WATER  IN  FEET 
DEPTH  OF  TROUGH  BELOW 
STILL  WATER  IN  FEET 
HEIGHT  OF  WAVE-CREST  TO 
TROUGH  IN  FEET 
DEPTH  OF  WATER  IN  FEET 
CHARGE  POSITION 


EFFECT  OF  DISTANCE 
ON  WAVE  HEIGHT 

FIRST  CREST  PLUS  FIRST  TROUGH 
D/Wi  = 0.088 


CONFIDENTIAL 
Security  Information 


CONFIDENTIAL 

Sfrnritv  Information 


10"'  2 4 6 a 10°  2 4 6 8 I01  2 4 6 8 10*  2 4 6 8 I03  2 4 

R-DISTANCE  FROM  CHARGE  (FT) 

Z=-0  5D 


R-DISTANCE  FROM  CHARGE  (FT) 


EFFECT  OF  DISTANCE 
ON  WAVE  HEIGHT 

FIRST  CREST  PLUS  FIRST  TROUGH 
9-wi  = 0.088 
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O 05- LB  CHARGE 

• 4 -LB  CHARGE 

A 16 -LB  CHARGE 

A 32 -LB  CHARGE 

□ 256 “LB  CHARGE 

■ 2048 -LB  CHARGE 

Cl+t  HEIGHT  OF  CREST  ABOVE 

STILL  WATER  IN  FEET 
DEPTH  OF  TROUGH  BELOW 
STILL  WATER  IN  FEET 
a 4I  + a.,  HEIGHT  OF  WAVE-CREST  TO 

TROUGH  IN  FEET 
D DEPTH  OF  WATER  IN  FEET 

Z CHARGE  POSITION 
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a+,  + a-,  (ft)  a+,  + a.,  (ft) 
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o R/0  = 60 

• % = 100 

A 'Vp;  200 

Cl.,  HEIGHT  OF  CREST  ABOVE 
STILL  WATER  IN  FEET 
0 DEPTH  OF  WATER  IN  FEET 
Z CHARGE  POSITION 


EFFECT  OF  CHARGE  WEIGHT 
ON  WAVE  HEIGHT 

FIRST  CREST 
= 0.088 
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a,, +a_,(FT)  a„+a.,(FT) 
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5 
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6 
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IO"1  2 4 6 8 10°  2 4 6 8 I0‘  2 4 6 8 10*  2 4 6 8 I03  2 4 


10.0 


1.00 


0.10 


0.01 


w- WEIGHT  Of  CHARGE  (LB) 
Z = -0.5D 


O H/0  a 60 

• R/0  = 100 

A %=  200 

a*,  height  of  crest  above 

STILL  WATER  IN  FEET 
Q-i  DEPTH  OF  TROUGH  BELOW 

STILL  WATER  IN  FEET 
a4,  + a.,  HEIGHT  OF  WAVE-CREST  TO 
TROUGH  IN  FEET 
D DEPTH  OF  WATER  IN  FEET 

2 CHARGE  POSITION 


EFFECT  OF  CHARGE  WEIGHT 
ON  WAVE  HEIGHT 


FIRST  CREST  PLUS  FIRST  TROUGH 


,i  = 0.088 
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W- WEIGHT  OF  CHARGE  (LB) 
Z=-2.5D 


d 

■f 

0 


W-WEIGHT  OF  CHARGE  (LB) 
Z = -4.0D 


O R/0  = 60 

• R/0=ioo 

A *VD=  200 

04,  HEIGHT  OF  CREST  ABOVE 

STILL  WATER  IN  FEET 
0.,  DEPTH  OF  TROUGH  BELOW 

STILL  WATER  IN  FEET 
a„  + a.(  HEIGHT  OF  WAVE-CREST  TO 
TROUGH  IN  FEET 
D DEPTH  OF  WATER  IN  FEET 

Z CHARGE  POSITION 


EFFECT  OF  CHARGE  WEIGHT 
ON  WAVE  HEIGHT 

FIRST  CREST  PLUS  FIRST  TROUGH 

D/Wi  = 0.088 
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/ 


R - 15.12  FT 


R = 15.12  FT 


R = 25.20FT 


IIJHTM 


R = 25.20  FT 


R = 3780 FT 


R-  50.40  FT 


CHARGE  WEIGHT  - I6LB 
WATER  DEPTH  - 0 22  FT 
CHARGE  POSITION -Z--I0D 
R - DISTANCE  FROM  CHARGE  IN  FT. 

REDUCED  DISTANCE  FROM  CHARGE 
A-  PRESSURE -TIME  TRACE 
B ~ CALIBRATION  STEPS 


TYPICAL  AIR-BLAST  RECORDS 
BOTTOM  MATERIAL- SAND 

D/Wi  - 0.088 
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PEAK  PRESSURE  (PSl) 
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REDUCED  POSITIVE  IMPULSE  (LB  - MS/lN  */lb3) 
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3 4 5 6 7 8 9 10  |I5  20  25  30 

X - REDUCED  DISTANCE  (FT/LB5) 


Q CHARGE  ABOVE  SURFACE  CZ-O.SD) 

V CHARGE  AT  SURFACE  CZ-0) 

0 CHARGE  AT  BOTTOM  (Z- -1.00) 
CHARGE  BELOW  BOTTOM  C& -2.30) 
CHARGE  BELOW  BOTTOM  CZ»-4.0D) 


VARIATION  OF  REDUCED 
AIR-BLAST  POSITIVE  IMPULSE 
WITH  REDUCED  DISTANCE 
BOTTOM  MATERIAL -SAND 
D/w  5=0.088 
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APPENDIX 

SAMPLE  CALCULATIONS  OF  AN  AIR-BLAST  RECORD 


1.  To  illustrate  the  methods  used  in  the  computation  of  air-blast 
data,  a sample  calculation  of  record  number  80068,  plate  53,  is  presented. 

2.  The  first  step  vas  to  enlarge  the  film  strip  and  make  a tracing 
of  the  items  of  interest.  This  tracing  is  shovn  on  plate  54  and  includes 
the  positive  phase  of  the  pressure-time  trace,  the  negative  phase  of  the 
pressure-time  trace,  the  length  of  the  time  of  arrival  line,  the  calibra- 
tion steps,  and  a definite  time  interval  consisting  of  several  time  dots. 

3.  Information  obtained  from  the  instrumentation  data  sheet  was  as 
follows : 


Shunt  capacitance  (Cs)  = 5. 00  mu  farads 
Gage  factor  (KA  value)  = 87. 7 uu  coulombs 
Calibration  voltage  (E  ) = 60.01  m-volts 

w 

4.  The  average  calibration  declination,  d„,  determined  by  averaging 
the  two  calibration  steps,  was  combined  with  the  instrumentation  data  to 
obtain  the  calibration  factor,  F,  in  the  formula 


F 


csEc  _ 300.05 

d^KA  “ 135.6b 


2.222 


5.  The  peak  pressure  displacement  (dp)  was  obtained  by  extending 
the  pressure  decay  line  of  the  pressure-time  trace  to  a point  vertically 
above  the  mid-point  of  the  pressure  rise  line.  The  displacement  was  multi- 
plied by  the  calibration  factor,  F,  to  determine  the  peak  pressure  (p). 

p = dpF  * I.30  x 2.222  * 2.89  psi 
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6.  The  horizontal,  or  tine,  scale  was  determined  by  dividing  the 

duration  of  the  traced  time  interval  by  its  length. 

8 spaces  x 2.j_ms/space  = , 

8.15  inches 

7.  The  vertical,  or  pressure,  scale  was  determined  by  dividing  the 
computed  peak  pressure  by  the  maximum  displacement. 


ESI.  = 2.22  psi/in. 

1.30  in. 

8.  The  area,  or  impulse,  scale  was  determined  by  multiplying  the 
time  scale  by  the  pressure  scale. 

2.45  ms/in.  x 2.22  psi/in.  * 5*44  ms-psi/in.^ 

9.  The  positive  and  negative  impulses  were  computed  by  planimetering 
the  area  between  the  pressure-time  curve  and  the  base  line  and  multiplying 
by  the  area  scale. 

Positive  Impulse  = I.76  in.^  x 5*44  ms-psi/in.^  = 9.57  psi-ms 
Negative  Impulse  = 3*94  in.2  x 5*44  ms-psi/in.2  = 21.43  psi-ms 

10.  The  positive  duration,  negative  duration,  and  time  of  arrival 
were  obtained  by  applying  the  time  scale  to  their  respective  distances. 

Positive  Duration  = 3 • 35  in.  x 2.45  ms/in.  = 8.21  ms 
Negative  Duration  = 11.15  in.  x 2.45  ms/in.  * 27*32  ms 
Time  of  Arrival  * 14.80  in.  x 2.45  ms/in.  = 36.26  ms 

11.  The  average  charge -to -gage  velocity  was  computed  by  dividing 
the  radial  distance  from  the  charge  to  the  gage  by  the  time  of  arrival 
for  the  gage. 

I?*!#  = 1.390  ft /ms  = 1390  ft/sec 

36.26  ms 
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12,  The  average  between  gages,  or  gage -to -gage  velocity,  was  computed 
by  dividing  the  distance  between  the  gages  by  the  difference  in  times  of 
arrival. 


50.40  ft  - 37.80  ft 
36.26  ms  - 25.37  ns 


= 1.157  ft/ms  = 1157  ft/sec 
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